Introduction
In boreal forests, soil properties shape the composition of plant communities, which in turn enable the development of diverse communities of ectomycorrhizal fungi (ECM) and their associated bacteria. The availability of nutrients in the soil as well as the composition of soil minerals influence the development of ECM fungi (Rosling et al. 2004 ) and bacterial diversity (Uroz et al. 2012) . For example, carbon allocation to ECM mycelium formed by Pinus sylvestris L. and Paxillus involutus S.L. (Batsch) Fries was significantly higher in soils amended with calcium phosphate compared with a control treatment amended with quartz (Smits et al. 2012) . Moreover, P. involutus releases large amounts of organic acids when host growth is limited by a phosphorus deficiency (van Schöll et al. 2006) . Exudation of these organic acids by the ECM mycelium should provide associated bacteria with a significant source of carbon (Olsson and Wallander 1998) . This probably explains why mineral weathering bacteria are more abundant in the ECM hyphosphere than in bulk soil (e.g. Scleroderma citrinum; Uroz et al. 2007 ).
Therefore, these bacteria closely associated with ECM hyphae are more effective in mineral weathering than those isolated from the rest of the soil (Calvaruso et al. 2007 ).
This suggests a tripartite relationship, in which the ECM fungus receives photosynthates that are then released as organic acids, which are substrates that can be assimilated by certain soil bacteria. In exchange, these bacteria would mobilize ions from minerals (Sokolova 2011), which are immediately absorbed by the ECM fungus and then transmitted to the host (Calvaruso et al. 2010) . According to this model, soil fertility in boreal forest would be influenced by the content and weatherability of soil minerals as well as by the mineral weathering capacities of fungal and bacterial communities D r a f t 5 associated with forest stands. The existence and role of this tripartite relationship in the nutrition of boreal forest tree species has been observed for Pinus resinosa Sol. ex. Aiton in microcosm experiments (Balogh-Brunstad et al. 2008 ).
Among the nutrients essential for tree development, the abundance and forms of phosphate minerals found in the soil define the fertility of a site (Hahm et al. 2014 ). The crystalline properties of phosphate minerals determine their reactivity (Elliott 1994 ) and thus their availability as phosphorus sources for soil microorganisms. In turn, apatite crystalline structures are determined by calcium, phosphate and fluoride substitutions (McDonnell 1973 ). An amorphous mineral such as tricalcium phosphate (TCP) is easily weathered by microorganisms, while crystalline phosphate minerals are much more resistant to corrosion (Bashan et al. 2012) . Igneous rocks contain apatites that can be classified into the three subgroups of hydroxyapatite, chlorapatite and fluorapatite, the last one being the most recalcitrant to chemical weathering (Dorozhkin 2011) . Access to the nutrients contained in soil minerals by plants and their associated microorganisms is of particular interest in boreal and mountainous regions because of the relatively early stage of soil development and, hence, the availability of unweathered minerals due to the recent glacial retreat (Milner et al. 2007 ). We chose to study the microbial flora of white spruce (Picea glauca (Moench) Voss), a species typical of the boreal zone, known for its sensitivity to phosphorus availability (Quesnel and Côté 2009 ).
Based on our assumption of the tripartite relationship between the host, ECM fungi and phosphate solubilizing bacteria (PSB), we predicted that the most abundant ECM fungi in the rhizosphere of white spruce would be associated with potentially cultivable PSB. Our hypothesis also suggests that PSB receive organic carbon from ECM D r a f t 6 mycelium when the only source of phosphorus is insoluble. Finally, it predicts that the in vitro weathering of fluorapatite by PSB could be observed in less than a day when crystals are incubated in a bacterial suspension.
Therefore, our overall objective was to verify the role of the bacterial microbiota associated with ECM fungi in fluorapatite weathering, an important source of phosphorus in mineral soils of igneous origin. To do so, our specific objectives were to i) isolate and identify PSB from the mycelium of an ubiquitous ECM fungus associated with P. glauca, ii) demonstrate in vitro fluorapatite solubilization by PSB and iii) validate in vitro the close association between PSB and ECM fungi.
Materials and methods

PSB source
Potential fluorapatite-solubilizing bacteria were isolated from the rhizosphere of 
Characterization of PSB hosting ECM morphotypes
ECM morphotypes were collected in order to use them as a PSB inoculum source to be grown on solid and liquid media. Mycorrhizal morphotypes were collected in June 2013 for liquid cultures and in February 2014 for solid cultures. While growing in the greenhouse, the seedlings produced large amounts of long roots running along the perimeter of the pots, which made it possible to harvest short roots without disturbing the substrate. The most abundant ECM were identified visually, then collected and screened under a dissecting microscope to ensure only one species was present in the sample.
Molecular identification of the main ectomycorrhizal morphotype
Five ectomycorrhizas of the dominant morphotype were randomly selected from three seedlings to proceed with the ECM fungal DNA extraction. dilution of ground ectomycorrhizas. Again, the NBRIP selective medium (Nautiyal 1999) was used, but this time with fluorapatite ore rather than TCP as an amendment in order to immediately select bacterial strains able to grow on igneous apatite. The bacteria were grown in 125 ml flasks containing 50 ml of medium, sealed with foam plugs, and incubated at 26 °C with agitation at 100 rpm. The medium was sterilized in an autoclave with a liquid cycle for 20 min. A benomyl solution was added to each experimental unit after autoclaving to obtain a medium concentration of 3 mg·L -1 . After adding the inoculum, the flasks were incubated for one week and subcultured in fresh media.
Transplanting was done with an inoculation loop so that subculture would favour the most abundant strains in the selection of colony forming units inoculating the fresh medium. In turn, this should promote the selection of the most competitive fluorapatite weathering bacteria. After seven subcultures, the bacterial communities were transferred to solid medium to allow the isolation of strains. The strains unable to weather TCP on solid medium were rejected.
Ultrastructural observations of fluorapatite weathering by an efficient PSB
Fluorapatite weathering by an efficient bacterial strain was observed using scanning electron microscopy (SEM). Micrographs of the whole crystals and their edges were taken. After incubation, fluorapatite was washed under a stream of distilled water for 1 min. The sample was dried under vacuum before being inserted back into the SEM column. The crystals observed in their virgin state were found, photographed again and subjected to qualitative observations. The mineralogical composition was also determined by X-ray photoelectron spectroscopy.
Resynthesis of close associations between three PSB strains and an ECM fungus
The ECM fungus Laccaria bicolor (Maire) P.D.Orton strain B3-25#2 was selected for its symbiotic properties, especially its inability to solubilize apatites. As for bacteria, PSB strains (168, 205 and 260) were chosen for their ability to efficiently weather fluorapatite. The reconstitution of associations between PSB strains and L.
bicolor was carried out in a bicompartmented Petri dish culture system. Initially, the phosphate-free proximal compartment was inoculated with L. bicolor to promote exploration of the distal compartment containing a phosphorus source when the proximal compartment contained all essential nutrients, with the exception of phosphorus (Fig. 1) .
Meeting of the ECM fungus with each PSB strain occurred in the distal compartment, D r a f t 13 comprising one of three sources of phosphorus: i) soluble phosphorus (soluble P), ii) hydroxyapatite (HA), or iii) soluble phosphorus + hydroxyapatite (soluble P + HA). Each treatment was inoculated or not with three bacterial strains able to solubilize fluorapatite.
The experiment also included two controls with bacteria growing without the fungus on a medium of soluble phosphorus or hydroxyapatite. Each treatment was repeated three times.
The proximal compartment contained a modified MNM medium (Marx 1969) without phosphorus. This medium consisted of 0.15 g MgSO 4 · 7H 2 O, 0.025 g NaCl, 5 g glucose, 0.26 g KCl, 0.05 g CaCl 2 , 1 ml trace elements solution, 0.5 ml FeEDTA , 100 ug thiamine HCl, 0.340 g l-alanine, and 10 g agar per litre of medium. Distal compartments contained 10 g agar, 0.5 g KH 2 PO 4 (soluble P), 2.5 g hydroxyapatite (HA) or 0.5 g KH 2 PO 4 (soluble P), and 2.5 g hydroxyapatite (HA) per litre. The media were sterilized in an autoclave with a liquid cycle for 20 min.
The proximal compartments were each inoculated with two 5 mm diameter fungal plugs taken at the edge of a 1-month-old colony of L. bicolor grown on GYME medium.
The plugs were formed using a cork borer and placed at the centre of the proximal compartment. The morphologically distinct PSB strains 168, 205 and 260 were deposited in the distal compartment under a laminar flow hood. The bacteria were deposited once L.
bicolor colonies had grown 1.5 cm past the septum. The bacteria were then deposited in the proximal compartment using a micropipette as three 2 µl drops of an aqueous suspension containing 1×10 6 CFU per ml and set 1.5 cm apart, a few mm from the edge of the fungal colonies.
The diameters of the bacterial colonies were used as a proxy for growth and analyzed according to a complete block experimental design using an analysis of variance (ANOVA). In the presence of a significant F value, the means were compared using a priori orthogonal contrasts to discern meaningful differences in growth for the bacterial strains 168, 205 and 260 in terms of i) the soluble or insoluble nature of the phosphorus source available to L. bicolor in the distal compartment, and ii) the presence or absence of a soluble phosphorus source when an insoluble phosphorus source was always available to L. bicolor in the distal compartment.
The data were examined to verify normality and homogeneity of variance with standard graphical methods. All analyses were performed using the GLM procedure of SAS v.9.32 software (SAS Institute Inc., Cary, North Carolina). Effects were considered significant at the α = 0.05 threshold.
Molecular identification of PSB strains
PSB strains selected by culture on solid medium and in liquid medium were identified based on 16S rRNA genes. Molecular identification was performed on 27 strains of PSB having produced clarification halos on fluorapatite ore on solid media and on the nine strains isolated by enrichment in liquid media displaying a stable weathering phenotype. The strains were grown on Tryptic Soy Broth (Difco Laboratories, Detroit, Michigan) for a period of 7 days at 26 °C, with agitation at 180 rpm. We collected and centrifuged 100 µl of culture medium containing the bacteria. The supernatant was removed and the pellet resuspended in 100 µl of TTE buffer. This suspension was then heated at 95 °C for 10 min. 
Identification of PSB taxa
The strains isolated on solid media and whose DNA was successfully amplified mostly belong to the genus Burkholderia (Fig. 2) . Burkholderia spp. are divided into two taxa with a support of 1 (Fig. 2) . The other bacterial strains obtained on solid media belong to the genus Curtobacterium, while those obtained by enrichment in liquid media were identified as Leifsonia sp. The phylogenic tree is rooted by Pseudozyma aphidis, an environmental yeast isolated by enrichment in liquid media.
Ultrastructural observations of fluorapatite weathering by Burkholderia sp. 205
Fluorapatite weathering by the PSB Burkholderia sp. 205 was successfully observed with both incubation methods. With the drop method, the edges of fluorapatite crystals containing 1% fluorine showed signs of corrosion after only 6 h of incubation (Fig. 3b ), compared to intact fluorapatite (Fig. 3a) . Complete dissolution of fluorapatite crystals containing 1 % fluorine was observed after 22 hours of incubation with the immersion method (Figs. 3c and 3d ). There were no signs of weathering for the controls 
Close association between PSB and ECM fungi
The association between L. bicolor and PSB strains in the distal compartment of bicompartmented plates demonstrated that the growth of Burkholderia sp. 205 depended on the nature of the phosphorus source made available to the fungus. Indeed, when L.
bicolor could acquire phosphorus on its own, (Fig. 4a) , the growth of Burkholderia sp.
205 could not be observed on the hyphae of the ECM fungus located in the distal portion of the plate (Fig. 4a inset) . In contrast, when L. bicolor was deprived of a soluble source of phosphorus (Fig. 4b) , Burkholderia sp. 205 displayed growth on the hyphae of the symbiotic fungus (Fig. 4b inset) . Thus, the presence of hydroxyapatite in the absence of soluble phosphorus produced a significantly increased growth for Burkholderia sp. 205, for the unknown strain 260 and, to a lesser, non-significant level, for Curtobacterium sp. Fig.5 ; Table 2 ).
(
Discussion
The PSB we isolated from ECM fungi were able to rapidly dissolve fluorapatite.
The enrichment in liquid medium yielded the most competitive strains for growth in defined medium whose sole source of phosphorus was fluorapatite ore. In contrast, unpublished results). Obviously, the role of phosphate solubilization in boreal forests is not restricted to the three genera isolated in this study (Uroz and Frey-Klett 2011) .
Moreover, the strains found to be the most effective for in vitro phosphate solubilization might display a lessened weathering activity when grown in hyphospheric communities maintained in microcosms (Calvaruso et al. 2006) . A semi-quantitative estimation of biomass under natural conditions of the Burkholderia sp. isolated in this study could be established by quantifying the fraction of bacterial DNA they represent within hyphospheric communities.
D r a f t
We observed that the bacterial strains capable of dissolving fluorapatite were fewer than those that were capable of dissolving TCP. This variation in the PSB community appears to be modulated by the lower reactivity of apatites characterized by the presence of a crystal lattice that is more resistant to bacterial chemical attack compared with precipitated amorphous phosphates such as TCP (Zhao et al. 2011 Whereas some ECM fungi were ineffective at mineral weathering when grown axenically in vitro, they are still abundant in nature (Calvaruso et al. 2010 ). This apparent contradiction could be explained by an ecological role that is possibly largely limited to the absorption and transport of nutrients. Those ECM fungi receive carbon from host photosynthesis, which they exude in the immediate vicinity of minerals containing useful elements for plant growth (Paris et al. 1996) . This release supports the activity of bacteria possessing mineral weathering capabilities. In return, the fungus absorbs minerals and transfers them to its host. The model ECM fungus L. bicolor alone is ineffective in apatite weathering but, in nature, this ECM fungus is associated with effective apatite weathering bacteria (Frey-Klett 2005; Uroz et al. 2007 ) and has a tendency to increase plants' Mg and K budgets in microcosm experiments when co-inoculated with efficient biotite weathering bacteria (Koele et al. 2009 ). Among the Glomeromycota, several bacterial species preferentially attach to active fungal hyphae (Toljander et al. 2005; Taktek et al. 2015) . This situation also occurs in Basidiomycetes. For example, the apatite weathering bacterium Burkholderia terrae migrates on the hyphae of Lyophyllum sp. and carries other bacterial species (Warmink et al. 2010) . This ability to assist the comigration of strains unable to achieve it on their own is widespread among the genus Burkholderia (Nazir et al. 2012) . In light of our isolation of strains from the hyphosphere of Wilcoxina sp., the ubiquity of the Burkholderia genus in forest soils (Lepleux et al. 2012 ) has been confirmed as encompassing the boreal forest.
Our study innovates by demonstrating the non-specificity of the fungal host for 
